The effects of substituting transition metals (TM: Co, Rh, Ni and Pd) on the Ru site with respect to the electrical conductivity and Seebeck coefficient for the binary semiconducting intermetallic compound RuGa 2 have been investigated above room temperature. Only Rh substituted RuGa 2 exhibited a higher electrical conductivity compared with undoped RuGa 2 . The sign of the Seebeck coefficient at 373 K for all doped samples is negative and their magnitudes exhibit rather large values of 150 < «S 373K « < 350 µVK
Introduction
In the days ahead, it is becoming imperative to find natural and renewable energy, such as solar power, water power, wind power and waste-heat instead of nonrenewable fossil fuels. Thermoelectric materials are attractive because they generate power through the direct conversion of thermal energy into electrical energy. The potential for thermoelectric materials to be useful in this way is evaluated by the dimensionless figure of merit, ZT = S 2 ·T/¬, where S, ·, ¬ and T are the Seebeck coefficient, electrical conductivity, total thermal conductivity and temperature. 1) For the practical use of thermoelectric materials, ZT is desired to be above unity. To attain a high ZT, S and · should be optimized to be as large as possible while ¬ should be the opposite. However, because each individual parameter depends on the carrier concentration, it is difficult to control them independently.
There are two main strategies to improve the ZT of thermoelectric materials: One is to optimize the power factor, S 2 ·, through chemical substitution. The other is lowering ¬, especially the phonon thermal conductivity, by increasing phonon scattering. The electronic portion, S 2 ·, is mainly governed by the local electronic structure near the Fermi level, E F . To obtain a large S 1113) These compounds form a narrow bandgap of a few hundred meV near E F , comparable to clathrates 14) and skutterudites. 15) The maximum ZT found among these intermetallic compounds is 0.50 at 773 K for RuGa 2 compound. 7) Although the effects of hole 8) and electron doping 10) on the thermoelectric properties above room temperature have been investigated for RuGa 2 , we have investigated various kinds of electron dopants effects on the electrical conductivity and Seebeck coefficient for RuGa 2 compound: we selected single electron doping elements (Co and Rh) and double electron doping elements (Ni and Pd). Furthermore, to elucidate the effects of TM substitution on the electronic density of states, N(E), the Korringa-Kohn-Rostoker Green's function method under a coherent potential approximation (KKR-CPA) 16, 17) has been employed. We will discuss the relationship between the thermoelectric properties and electronic structures for TM substituted RuGa 2 .
Experimental Procedure and Calculation Parameter
The preparation of undoped RuGa 2 has been described elsewhere.
7) The nominal composition was selected as (Co, Rh, Ni, Pd) 2 Ru 31.4 Ga 66.6 because the maximum ZT can be obtained for Ru 33.4 Ga 66.6 through non-doping 7) and around 2 at% substitution of single electron dopant for Ru site. 10) Mother ingots were synthesized by an arc-melting technique in a purified argon (6N) atmosphere. They were crushed to an average particle size of less than 20 µm with an agata mortar and pestle then synthesized by a sintering method (SPS-515S, Fuji Electronic Industrial Co.). The temperature of the specimen was increased from ambient temperature to 873 K in 5 min, and from 873 K to the consolidating temperature of 1223 K in 5 min, and then was held for 1015 min. A pressure of 40 MPa was applied during the heating process. After the sintering treatment, the specimen was cooled to ambient temperature in an argon atmosphere applying a pressure of 30 MPa.
The characterization of the samples was performed by powder X-ray diffraction (XRD) measurements with Cu K¡ radiation (RINT2500, Rigaku Co.). The electrical conductivity and Seebeck coefficient were measured in a helium atmosphere between 373 and 973 K by the four-probe method and the steady-state temperature gradient method (ZEM-1, ULVAC-RIKO Co.). The room temperature Hall coefficient and electrical conductivity (the van-der-Pauw method) measurements were performed by utilizing Resitest 8300 (TOYO Co.).
To calculate the electronic density of states for TM substituted RuGa 2 , we performed KKR-CPA 16, 17) calculations. A dense mesh of 550 k points in the irreducible wedge of the Brillouin-zone was used. Final converged total energy below 10
¹6 Ry was applied in the self-consistent cycle. Figure 1 shows the experimental and calculated XRD patterns for Co, Rh, Ni and Pd substituted RuGa 2 . As for the Co substituted sample, there exist very small amounts of the secondary phase RuGa 3 , which is also observed in undoped, 7) Re- 8) and Ir-substituted RuGa 2 .
Sample Characterization
10) The others were single phase, which agrees well with the calculated pattern. The effects of the secondary phase RuGa 3 on the thermoelectric properties are discussed in the next section. The obtained lattice parameters, geometric densities, and theoretical densities are listed in Table 1 . The changes of the lattice parameters are consistent with the atomic radius of TMs: Rh (0.134 nm) and Pd (0.138 nm) are significantly larger than those of Co and Ni (0.125 nm). All samples are densely packed ones to measure the thermoelectric properties.
Results and Discussion
The electrical conductivity, ·, for Co, Rh, Ni and Pd substituted RuGa 2 from 373 to 973 K is plotted in Fig. 2 13) which is one order lower value of that of Co substituted RuGa 2 . Therefore, the effects of precipitation of the secondary phase on the thermoelectric properties are negligible. The differences in · 300K can be understood by the difference in the carrier concentration and carrier mobility obtained from the Hall effect measurements, as listed in Table 2 . Through the TM substitution, the carrier concentration increases, but the carrier mobility was dramatically suppressed from 150 cm 2 
It is naturally expected that the double electron doping substitution (Ni and Pd) can be doped further than through the single electron doping (Co and Rh), however the experimental results do not obey such an expectation. The effects of TM substitution on the electronic density of states are discussed later. In the intrinsic region above 700 K, the difference in · is small among the measured samples.
The Seebeck coefficient S for Co, Rh, Ni and Pd substituted RuGa 2 from 373 to 973 K is plotted in Fig. 3 . S of undoped RuGa 2 exhibits a large positive value of 300 µVK ¹1 at 373 K. In the TM substituted samples, the sign of S changes from positive to negative and S exhibits a large value of 150 < «S« < 350 µVK ¹1 at about 373 K, indicating that the chemical potential, µ, shifts to the conduction band. Figure 4 shows the magnitude of S at 373 K, «S 373K «, as a function of carrier concentration at room temperature n 300K for undoped RuGa 2 , 7) and samples doped with Re, 8) Ir 10) and TM substituted RuGa 2 . Undoped and Re substituted RuGa 2 exhibit a strong correlation between «S« and carrier concentration shown with dotted line. On the other hand, TM substituted RuGa 2 except for Ni substituted one exhibit different trend. Since Ni substituted RuGa 2 has a low n 300K compared with other TM substitution, as listed in Table 2 , it is expected that «S« of Ni substituted RuGa 2 at lower temperature than room temperature should be much larger than 400 µVK ¹1 . In this case, it is possible that the TM substituted RuGa 2 are all on the same dashed line at lower temperature. However, in Ni substituted RuGa 2 , because the effect of hole starts at lower temperature and the temperature of sign change of S is nearer to room temperature than in the other TM substituted ones, «S« of Ni substituted RuGa 2 at room temperature is considered to decrease already and to be located by coincidence on the dotted line. This indicates that the band effective mass, m*, would be increased by the TM substitution for Ru site.
Next, we discuss qualitatively the electron doping effect on · and S in terms of the electronic structure on the basis of the simple rigid band approach. To avoid unnecessary complexity, there will be no discussion of the formation of an impurity level in the narrow-bandgap. From the Boltzmann transport equation, S can be expressed as follows.
where e, N(E), v(E),¸(E), µ and f F.D. are the carrier charge, the electronic density of states, the group velocity, the relaxation time, the chemical potential and the FermiDirac function. To obtain competent quantitative values and determine the temperature dependence of S, the energy dependence of v and¸should be included. To simplify the discussion, the constant relaxation time and constant group velocity approximations were assumed. Due to the fact that undoped RuGa 2 is p-type up to 1000 K, µ is located within the valence band, as shown in Fig. 5 . At low temperatures, an energy differential of f F.D. , @f F.D. /@E, is localized at the valence band, and the dominant carriers are holes. Therefore, the positive sign of S is expected. At high temperature, due to a broadening of @f F.D. /@E and a shifting of µ toward higher energy, both holes and electrons contribute to the conduction, which is apparent by the marked decrease in «S«. Through electron doping, µ shifts to higher energy above the bottom of the conduction band. In this case, electrons with low carrier mobility would contribute to the transport, as expected from the E-k dispersion relation. 10, 18, 19) With increasing temperature, @f F.D. /@E broadens and µ shifts to lower energy, and thus thermally excited holes contribute to the conduction. This is the reason why the sign of S changes from negative to positive at high temperatures. From this picture, by the further effective electron doping, a large negative S will be exhibited in a wide temperature range, which is necessary to obtain a high efficiency n-type material in the RuGa 2 system.
To confirm the effects of TM substitution for Ru on the electronic density of states, N(E), we employed the KKR-CPA calculation 16, 17) for randomly disordered (Co, Rh, Ni, Pd) 2 Ru 31.4 Ga 66.6 , the results of which are shown in Fig. 6(a) . It appears that there is no significant difference in the total N(E) between Co and Rh substitution, which is insufficient to explain the experimental carrier density of Rh substituted RuGa 2 is one order higher than that of Co substituted RuGa 2 . Similarly, the shape of N(E) in the Ni and Pd substituted RuGa 2 based calculation are nearly identical. However, we can see clear differences in the contribution of TM dopant d-states on N(E), which lies near the conduction band, as shown in Fig. 6(b) . In this case, these dopant d-states do not contribute to an increase in the carrier concentration. This is the key to understand why the carrier concentration deviates by dopants, as mentioned below. Both Ni and Pd dopants dstates are located at the deeper energy level, compared with Co and Rh dopant d-states formed above E ¹ E F = 0.05 eV. n 300K of Ni substituted RuGa 2 is the lowest because of the deeper dopant d-states and a large intensity of partial N(E). Compared Ni with Pd, partial N(E) of Pd dopant d-states is smaller than that of Ni d-states, which will be correlated with the experimental n 300K , that is, Pd substituted RuGa 2 has a slightly large n 300K than Ni substituted one. Similarly, the same tendency is observed between Co and Rh dopants dstates. Because of the shallow formation of partial N(E) and its small contribution of Rh d-states, that is why n 300K of Rh substituted RuGa 2 is the highest among the samples. These findings imply that realizing TM dopant d-states will be beneficial for understanding and controlling the transport properties by doping in RuGa 2 and other novel thermoelectric materials.
Conclusions
We have investigated the electron doing effects on the electrical conductivity and Seebeck coefficient for the binary intermetallic RuGa 2 compound from 373 to 973 K. The substitutions of single electron doping elements of Co and Rh and double electron doping elements of Ni and Pd have been examined. It was in only Rh substituted RuGa 2 that the electrical conductivity saw an increase below 573 K when compared with undoped RuGa 2 . This is understood by the significant increase in the carrier concentration regardless of lowering the carrier mobility. The others (Co, Ni and Pd substituted RuGa 2 ) exhibited low electrical conductivity. The sign of the Seebeck coefficient changed from negative to positive at high temperatures for all TM substituted samples, indicating that the electron doping is insufficient to obtain a high efficiency n-type material. From the KKR-CPA calculation, we found that the impurity level of TM d-states affect the transport properties in n-type RuGa 2 .
